Abstract.-A theory for optical heating in semiconductors has been formulated in terms of the coupled diffusion equations for heat and excess carriers. Closedform solutions for the region near the surface of the material have been obtained in the general case where the optical and transport parameters of the semiconductor are allowed to depend in an arbitrary way on temperature and laser-generated carrier density. The theory is applied here to heating of crystalline and amorphous silicon by Q-switched pulses of 0.53 pm and 0.69 pm radiation.
1.Sumrnary of the theoretical formulation.-In a previous paper /1/ (referred to below as I), comprehensive, closed-form expressions for laser-induced heating in a semiconductor were developed. The present article deals with the application of these results to the heating of crystalline and amorphous silicon by Q-switched pulses of 0.53 um and 0.69 pm laser radiation. For amorphous material, such considerations are particularly relevant to the field of laser annealing.
Ilathematically, the problem of laser heating can be reduced to consideration of the coupled diffusion equations for heat and excess carriers. The assumptions of uniform irradiation and a semi-infinite sample allow the diffusion to be considered in one dimension. The temperature, T, and carrier density, n, are then given as functions of the depth into the material, z, and time, t, by the solutions to the equations :
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The electron and hole densities are assumed to be equal (usually valid at high laser excitation levels). In equations (1) and (2) k(=K/pc) is the thermal diffusion coefficient, K is the thermal conductivity, p is the mass density, c is the specific heat, G is the rate of heat generation in the bulk, D is the ambipolar diffusion coefficient, g is the rate of excess carrier generation, ni is the intrinsic carrier concentration, -rB is the bulk free carrier lifetime, T o is the initial sample temperature, G is the rate of heat qeneration S at the surface, and s is the surface recombination velocity. Equations (1) and ( 2 ) have usually been dealt with following one of two alternative approaches : (1) If all of the parameters such as the generation rates, diffusion coefficients, free carrier lifetime, etc., are assumed to be independent of carrier density and temperature, the diffusion equations can be solved analytically /2/. At high optical excitation levels this usually represents a poor approximation. (2) The coupled partial differential equations can be solved numerically /3-8/. This is unfortunately a very tedious calculation which requires a great deal of computer time.
It is demonstrated in paper I that the shortcomings connected with each of the two approaches can be avoided through the incorporation of certain approximations which are valid for most experimental conditions of interest. For the region near the surface of the material, accurate, closed-form solutions to equations (1) and (2) P0B/2hv ( 9 ) where i 3 is the two-photon absorption coefficient and Po (=E /t ) is the power den-0 P sity of the laser irradiation. It was shown in paper I that for most experimental conditions of interest, the expression
(10) approximates the solution to equation (2) to within 20%, even when a temperature gradient is present and all parameters depend on n. This result assumes that the carrier density reaches quasi-equilibrium at times short compared to the laser pulse duration an/at-0 in equation (2) . Due to [ I the short lifetimes for Auger and radiative recombination, this assumption is almost always valid for pulses of 1 ns or lonaer, and often into the picosecond regime. Because g, T I L , , and a can all depend on carrier density, n appears on both sides of equation (10).
Mathematically, the optical heating problem has been simplified to the onefold numerical integration over temperature given by equation (4). The result represented by equation (3) can be used quite generally to take into account such diverse processes as the dynamic Burstein shift, free carrier absorption, two-photon carrier generation, carrier diffusion, and Auger. and radiative recombination. This approach is quite simple compared to the alternative of numerically solving the coupled partial differential equations, and the results lend themselves to a simple physical interpretation. 2.Consideration of finite carrier thermalization times.-In paper I, it is assumed that the hot electron and hole which are created by a one-photon absorption event quickly thermalize, immediately transferring the energy xThv to the lattice. It has recently been pointed out by Yoffa /lo/ that this assumption can lead to error if the optical absorption depth is extremely the following section, tTC is sufficiently small (lo-' cm, for example). This effect short that the uncorrected expressions is easily incorporated into the present theory if one introduces a "carrier thermalization depth" for hot electrons and holes LTC (DtTC) '/2, where tTC is the relaxation time for thermalization of the carriers. (At high n, it will be the same for both electrons and holes since inter-carrier collisions cause the two populations to rapidly come into equilibrium). The first term in brackets of equation ( 4 ) is then replaced summarized in section 1 remain valid. 3.gser heating of crystalline and amorphous silicon.-We now discuss the results of applying the formalism summarized in section 1 to heating in silicon by 0-swit ched pulses of 0.53pm and 0.69 um laser radiation. For pulse durations between 10 and 100 ns, equation (3) has been employed to obtain the energy density, Eo, which is required to raise the surface by x~/ (~-~+ L~~+ L~) . This is to say that the temperature from To = 300 K to Tf = Tm, energy xThv which is transferred to the the melting tem~erature. The integral of lattice following thermalization of the hot equation (4) has been evaluated numerically carriers soon after absorption of the photon, by computer, using the models listed in comes to be distributed over a depth equiva-the Appendix for the n-and T-dependent lent to the sum of the absorption length, the carrier thermalization length, and the heat diffusion length. If a-' and LT are both very small, then LTC could play a role even though it is usually quite short.
A related concern is the possibility that tTC may be comparable to or greater than the carrier lifetime T , in which case material parameters. Figure 1 shows results for irradiation by frequency-doubled pulses from a Q-switched neodymium laser (0.53 pm). The solid and dashed curves represent the calculated thresholds for melting of crystalline and amorphous material, respectively, at pulse durations between 10 and 100 ns. the hot electrons and holes do not fully thermalize before they recombine. One must then distinguish between the lattice temperature T and the electron temperature T e (equal to the hole temperature), which is given approximately by where Tea is the average "temperature" of the electrons and holes immediately after the photon-absorption event : Tea = xThv/ 3kB (assuming that the hot carries are initially non-degenerate). From equation ( 11) , the carrier and lattice temperatures are equal if the recombination lifetime is much longer than the hot carrier relaxation time ( T >>tTC), which is usually the case. When Te # T, the difference in the two temperatures must be accounted for in treating such effects as the dynamic Burstein shift. Although the generalizations discussed in this section have been incorporated using approximate, phenomenological arguments, the importance of the finite thermalization time is easily estimated using the above approach. For the examples considered in Since, from equation ( 3 ) , the heating depth sent theor!? has been applied to crystalline L , is proportional to Eo, values for LH as germanium, silicon, GaAs and InSb at a --a function of pulse duration can be obtained wide variety of laser wavelengths and from the curves of figure 1 using the scale pulse durations (lo-' to ~o -~s ) , For all on the right of the figure. Also shown are four materials the agreement between experimental melting thresholds for both theory and experiment is within a factor crystalline and amorphous Si taken from the of two wherever experimental data is avaireflectivity data of Auston, et al. /11/. lable. Fast of the observed discrepancy In the crystalline case, the absorpcan be attributed to uncertainfy regarding tion length, a -l , the carrier diffusion the characterization of the optical and length, LD, and the thermal diffusion length transport properties of the materials at L~, are of the same order of magnitude for high carrier densities and temperatures.
the pulse durations considered. Consequently 
.Calculated m e l t i n g t h r e s h o l d s and carrier densities and high temperatures. It heating d e p t h s vs. p u l s e d u r a t i o n for s i l i c o n a t 0.69 pm. A l s o shown a r e experiis c\stimated that no more than 20% error m e n t a l t h r e s h o d s for c r y s t a l l i n e material
should have resulted from the approximations from r e f e r e n c e s / 1 2 -1 5 / .
used in obtaining the closed-from expressions summarized in section 1.
Figpre 2 shows the theoretical and experimental /12-15/ melting thresholds for silicon heated by Q-switched ruby laser radiation (0.69 pm). Because of the longer absorption length of the crystalline material, both carrier and thermal diffusion are less important than at 0.53 pm. It is interesting to note that here the experimental thresholds are an average of 1.4 higher than the theory rather than lower as at 0.53 ym. Experimental melting thresholds are apparently unavailable for amorphous silicon at this wavelength (1).
As discussed elsewhere /16/, the pre-4.~nclusions.-The present theory for laser-induced heating in semiconductors has been applied to the calculation of melting thresholds in crystalline and amorphous silicon at 0.53 pm and 0.69 ym, cases of immediate interest in the field of laser-annealing. Agreement with experimental thresholds is within a factor of 1.5. Itlost of the difference between theory and experiment is attributable to either the lack of accurate data on the optical and transport properties at high temperatures and carrier densities or experimental error in the threshold measurements. The advantage of the present formulation is that while final expressions have bqen , where E' E hv + E (300 K)-Eg(T). Free carg rier absorption has also been included, but does not strongly affect the melting threshold at these wavelengths. 
